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ABSTRACT 
Although adhesive bonding of fabricated composite structures would be the preferred option from a 
design for manufacture point of view, there will always be a need to use mechanical fastening for 
highly loaded regions. Fatigue behaviour and notch sensitivity are two of the main concerns for 
fabricated composite structures, despite the excellent performance of the material in the former regard. 
For 3D woven composites previous research has concentrated on the un-notched fatigue behaviour 
with less research focused on the notched properties. In the present work, the quasi-static and tension-
tension fatigue behaviour of notched orthogonal and angle-interlock 3D woven carbon/epoxy 
composites are investigated. Digital image correlation was used to obtain the full-field strain 
distribution during the quasi-static tensile tests, and thermo-elastic stress analysis was used to 
characterise the damage progression during the fatigue tests. The DIC results revealed that the tensile 
strength of the 3D woven composites was not sensitive to notch size, with the notched tensile strength 
being less than 17% lower than the un-notched tensile strength. Limitations of the test machine 
capacity meant that the fatigue specimens were loaded at 60% of the ultimate failure stress. The 
specimens were cyclically loaded for 5,000,000 cycles without complete fracture, although the TSA 
results revealed progressive surface cracking around the notch. The orthogonal weave was found to 
have a larger surface damage area than the angle-interlock weave.   
 
1 INTRODUCTION 
Three-dimensional woven textile composites are favoured for their excellent damage tolerance due 
to the improvement in through-thickness properties and higher post-impact strength [1,2]. However, 
the in-plane quasi-static properties of 3D woven composites are generally lower than 2D laminates due 
to fibre crimping induced by the interlacing movement during the weaving process [1]. In addition, it 
has previously been reported that the fatigue properties of 3D woven composites tend to be lower than 
their 2D counterparts [3-5]. 
Fatigue behaviour and notch sensitivity are two very important aspects of composite structural 
design since there will always be a need to employ mechanical fastening in certain parts of the highly 
loaded regions of composite vehicle structures. Much research has concentrated on the un-notched 
fatigue behaviour of 3D woven composites [3, 4], with less research focused on the notched properties 
[6,7]. The tensile fatigue properties of 3D woven composites were found to be better than 2D woven 
laminates [4], but decrease with increasing content of through-thickness reinforcement [3, 5, 8]. The 
fatigue sensitivity and the quasi-static tensile strength of the investigated 3D interlock composites 
were found not to be influenced by the presence of a central hole [6, 7, 9]. Non-destructive testing 
techniques have previously been used to continuously monitor the fatigue damage in conventional 
laminated composites, such as acoustic emission [10], digital image correlation [11], and 
thermography [12]. However these techniques have not been used as widely to monitor the in-situ 
open-hole fatigue damage progression of 3D woven composites. 
In this study, the open-hole quasi-static and tension-tension fatigue behaviour of two 3D weaves 
are investigated, one orthogonal and one angle-interlock [13]. The full-field strain distribution was 
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obtained via digital image correlation during the quasi-static open-hole tests, and the damage 
progression was characterised using thermos-elastic stress analysis during the fatigue tests. 
 
2 EXPERIMENTAL SPECIFICATIONS 
The 3D woven fabrics were manufactured from a traditional narrow fabric weave loom at 
M.Wright & Sons Ltd. A 1-by-1 orthogonal weave (W-1) and a through-thickness angle interlock 
weave (W-3) were produced and the idealised weave geometries illustrated in Figure 1 using TexGen 
[14].  
 
   
 
                                             (a)                                                                      (b) 
 
Figure 1. Weave architectures (a) W-1, (b) W-3 
 
Further details of the two weaves, including specifications for the warp, weft and binder tows, can 
be found in [13]. The woven fabrics were 80 mm wide, 350 mm long, and 3 mm thick, and were 
placed in a closed mould tool for resin transfer moulding using a Hypaject MK-III RTM system, and 
the resin used for the infusion was Gurit Prime 20LV with slow hardener. The final composite parts 
had an overall fibre volume fraction of 49.86% for W-1 and 46.01% for W-3, and a warp fibre volume 
fraction of 27.72% for W-1 and 25.66% for W-3. The waviness of the warp tows (defined as tow wave 
amplitude/unit-cell-length) was also measured on the microscopic samples and was 1.37% for W-1 
and 0.55% for W-3. Detailed microscopic analysis and mechanical characterisation of the 
manufactured composites have been reported previously [13]. 
 
2.1 Testing 
The open-hole tensile tests were carried out using an Instron 6025 testing machine with a 100 kN 
load cell and a LaVision DIC system to record full-field strain distribution on the surface of the 
specimens. All of the specimens were loaded at 2 mm/min until failure, the load and displacement data 
were recorded at 2 Hz, and the DIC images were recorded at 4 Hz. Based on the un-notched tensile 
strength of these two weaves [13], using a standard sized specimen (36mm wide) would result in a 
failure load of 120 kN, which is higher than the load capacity of the testing machine. Therefore the 
width of the samples was reduced to 25 mm. Previous literature has shown that the 3D woven 
composites were insensitive to the size of the notch [7], therefore five samples with a 4.1 mm diameter 
notch (referred to as “standard” samples) and seven samples with a 12.5 mm diameter notch (referred 
to as “enlarged” samples) were tested. The larger notch was used to promote failure in fatigue tests as 
the available fatigue machine has a load capacity of only 25 kN. In the absence of standard tests, it is 
only possible to perform a qualitative comparison with other research findings. 
The enlarged-notched samples were used in the fatigue tests so that the maximum fatigue stress 
was high enough (typically 50-70% of the static strength) to induce damage to the specimen without 
loading for a high number of cycles. An Instron 8872 servo-hydraulic fatigue testing machine with a 
25 kN load cell was used to apply a sine-wave cyclic load with a mean load of 20 kN and an amplitude 
of 8 kN, which resulted in the peak stress being about 63% and 61% of the static open-hole tensile 
strength of W-1 and W-3 respectively. A loading frequency of 20 Hz was used to minimise the non-
adiabatic effect and reduce testing time [15,16]. One surface of the sample was painted in flat matt 
black to provide a surface with uniform emissivity of about 0.92 [17]. A FLIR Silver 450M infra-red 
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camera was used to record a 2 second video of the surface temperature at 383 frames/second every 10 
minutes during the fatigue loading. The first video was recorded after the first 500 cycles when the 
temperature of the sample had stabilised. The cyclic load signal from Instron 8872 was used as a lock 
in signal for the thermal images in order to synchronise the thermal images with the peaks and valleys 
of cyclic loading. Six samples of each weave were tested for different durations to examine the 
damage progression at different cycles: two samples for 100,000 cycles, two samples for 500,000 
cycles, one sample for 1,000,000 cycles, and one sample for 5,000,000 cycles. 
 
4 RESULTS AND DISCUSSION 
     The averaged open-hole tensile strength with the two notch types, and the un-notched tensile 
strength which was previously published in [18], are presented in Table 1. The notch strength is the net 
stress calculated based on the cross-sectional area considering the hole.  
 
Weave φ (mm) 
Notched 
Strength 
(MPa) 
CV (%) 
Un-notched 
Strength 
(MPa) 
CV (%) 
W-1 4.1 12.5 
1145.7 
1094 
4.5 
4.7 1359 3.2 
W-3 4.1 12.5 
1265 
1202 
3.6 
8.0 1281 5.8 
 
Table 1: Averaged quasi-static open-hole test results. 
 
     For both weaves, the enlarged samples had lower notch strength than the standard samples but 
differ by less than 7%. Similar results on other 3D woven orthogonal samples with 4.1 mm and 11 mm 
hole have been reported [7]. Although W-3 has lower un-notched tensile strength than W-1, its 
notched strength was higher than W-1 and showed less degradation from the un-notched tensile 
strength. Both W-1 samples showed about 18% reduction from the un-notched strength, while both W-
3 samples showed less than 10% reduction and the standard W-3 samples showed less than 1% 
reduction from the un-notched strength. It has previously been observed that the broadly distributed 
geometrical flaws and coarse yarns cause de-bonding and reduced stress concentration around sites of 
failure, therefore resulting in a lower strength decrease [7,9]. The results from this work further 
confirmed that the stress concentration induced by a circular notch has little influence on the quasi-
static tensile strength on 3D woven composites [6,7,9]. 
     The results for the strain distribution of two typical W-1 samples at different stress levels from the 
DIC measurements are shown in Figure 2. Since the fibre structure of W-1 was highly orthotropic 
(only containing fibres in the 0º and 90º directions) and inhomogeneous (containing macroscopically 
distinctive resin rich regions), the strain distribution was not even and showed a strong correlation 
with the weave structure. The surface weave pattern was extracted and imposed on the DIC maps to 
emphasise the relationship between the weave pattern and strain distribution. The surface of the 
sample was dominated by weft tows which were perpendicular to the loading direction. Therefore a 
simple iso-stress assumption can be used to estimate the surface strain distribution: the region with 
lower stiffness will exhibit higher strain. As can be seen from Figure 2 (b) and Figure 2 (e) the resin 
rich channels exhibited higher strain and the centre of the weft flow region (weft region between two 
adjacent binders) also showed higher strain than the binder tow regions. The local longitudinal 
stiffness on the surface of the sample was distributed with the resin rich channels being the lowest, 
surface weft tow being the intermediate, and the binder region being the highest, which resulted in this 
strain distribution. Similar strain patterns have been reported on different types of 3D woven 
composites [18,19]. The strain distribution around the notch exhibited a pattern similar to the typical 
"butterfly" pattern in an isotropic sample. Since the resin rich channels and surface weft tow regions 
gave rise to a strain concentration, the higher strain regions near the notch further extended to these 
less stiff regions, as highlighted in the black ellipses in Figure 2 (b). At 1182 MPa (the last DIC image 
before fracture), the influence of the resin channels on the strain distribution was less obvious 
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compared with that at 340 MPa, because visually observed surface cracks in the notch region 
increased the apparent strain in this area. Therefore the high strain concentration areas near the notch 
in the strain maps (c) and (f) in Figure 2 were caused by surface cracks. The higher strain region at the 
upper right corner highlighted in the red ellipse in Figure 2 (c) was caused by a local manufacturing 
defect at the back of the sample, which later developed in to a secondary fracture site. This 
manufacturing defect did not affect the ultimate tensile strength of this sample since it was the warp 
tows in the notched region that determined the tensile strength. Similar strain distributions were found 
in the enlarged samples with higher strains concentrated in the resin rich channels around the notch as 
can be seen in Figure 2 (e). The strain concentration region near the notch also shifted at higher stress 
levels in Figure 2 (f) due to a visible surface cracks in these regions.  
 
 
        (a)                    (b)                          (c)                          (d)                     (e)                         (f) 
 
Figure 2. DIC results for the longitudinal strain (%) distribution of standard and enlarged W-1 samples 
at different net notch stress levels. 
 
 
 
 
        (a)                    (b)                          (c)                          (d)                     (e)                         (f) 
 
Figure 3. DIC results for the longitudinal strain (%) distribution of standard and enlarged W-3 samples 
at different net notch stress levels. 
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     The longitudinal strain distribution maps of the W-3 samples are shown in Figure 3. The strain 
distribution of both standard and enlarged samples did not exhibit pronounced features of the weave 
pattern, because W-3 had smaller surface resin rich regions and was more homogeneous than W-1, 
resulting in a more even strain distribution. The resin rich regions around the binding points exhibited 
higher strain concentration at a later stage of loading as shown in Figure 3 (c). Surface cracks also 
developed near the hole and caused the higher strain region to shift in a diagonal direction. 
     In this study, the processed ∆T distribution between the peak and valley of a cycle was used to 
indicate fatigue damage during cyclic loading. The magnitude of ∆T (|∆T|) distribution was plotted in 
this paper since it can better highlight the damage feature. Since the binder tow and the matrix have 
different thermal expansion coefficients and were under different stress levels, the |∆T| distribution 
also reflected the surface weave patterns as shown in Figure 2 (a) and 3 (a). Similar phenomena have 
been observed in 2D textile composites, which showed a 0.2ºC difference between the ∆T in the resin 
regions and in the tow regions [12, 16]. In order to distinguish and highlight the damage from the 
weave pattern, a d∆T distribution map was obtained by subtracting the first ∆T map from all the other 
∆T maps, which then highlighted all of the damage that occurred after the first recording. 
 
 
        
Figure 4. d∆T distribution maps of a W-1 sample during 1,000,000 cycles. 
 
     Figure 4 shows the damage that occurred between 500 and 122,500 cycles, between 500 and 
230,500 cycles, between 500 and 446,500, and between 524,500 and 992,500 cycles. As can be see, 
most of the damage initiated within the first 122,500 cycles and propagated at a lower speed 
afterwards. Only a limited amount of damage occurred between 524,500 and 992,500 cycles, which 
indicated the damage propagation and new damage initiation process had slowed down. 
 
 
          
10 mmFigure 5. d∆T distribution maps of a W-3 sample during 1,000,000 cycles. 
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     Figure 5 shows the d∆T distribution of a W-3 sample during 1,000,000 cycles. Longitudinal cracks 
appeared at the very beginning of loading and did not propagate through-out the entire cyclic loading 
process. Transverse cracks initiated from the longitudinal cracks around the notch and propagated in 
the weft direction. Both in-tow and between-tow matrix cracks occurred within 124,500 cycles, and 
one between-tow matrix crack (crack-5 in Figure 6) appeared after 196,500 cycles from the 
longitudinal crack about 13 mm away from the notch. In order to see the damage propagation more 
clearly, the length of the cracks were measured on the |∆T| maps as plotted in Figure 6. The crack 
propagation clearly showed two stages: initial propagation and stabilisation. Most of the cracks except 
crack-5 propagated more rapidly within 100,000 cycles after initiation and stabilised after 200,000 
cycles. Crack-5 initiated at about 150,000 cycles and propagated for about 300,000 cycles before 
slowing down. The damage initiation and progression scheme was similar in the other samples with 
different loading cycles. 
 
 
 
Figure 6. Crack length versus number of cycles for surface cracks on sample W-3. 
 
 
     The surface damage area from the d∆T maps was also extracted and the percentage of damage area 
over the entire sample area was obtained at each recording. Figure 7 shows the surface damage area 
development during fatigue loading for each sample. As can be seen, the damage growth was the 
fastest in the first 100,000 cycles in both weaves and gradually slowed down afterwards. Although in 
the first 100,000 cycles the damage area percentage of both weaves were similar, the damage area 
increased at a slower rate in W-3 than in W-1 after 100,000 cycles. The damage area of W-3 almost 
saturated after 200,000 cycles while it kept increasing in the W-1 samples. Overall, the damage area 
was larger in W-1 samples than in W-3 samples because W-1 had more surface binding points that 
induced more matrix cracking than W-3. It should be noted that the damage area percentage only 
indicated the surface damage not the internal damage, because the thermal camera can only detect the 
temperature on the sample surface. 
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Figure 7. Percentage damage area during cyclic loading of W-1 and W-3 fatigue samples. 
 
5 CONCLUSIONS 
The following conclusions can be made following the work presented in this paper: 
 
• The open-hole quasi-static tensile tests revealed that W-3 exhibited less reduction in its tensile 
strength (1-9%) than W-1 (17-20%), and using a larger notch also had little effect on the 
tensile strength (less than 10%), which was similar to the findings in the literature [6, 7].  
• Digital image correlation maps revealed that the strain distribution of W-1 was more 
dependent on the weave pattern than W-3 due to its more pronounced surface resin channels. 
• During cyclic loading of the open-hole fatigue samples most of the damage initiated and 
propagated relatively rapidly within the first 100,000 cycles and slowed down afterwards. 
• Based on the temperature gradient distribution maps, W-1 showed more damage sites and 
more rapid damage growth than W-3. 
• No complete breakage occurred to any of the samples even after 5,000,000 cycles at about 
65% of the static strength, while previous research in the literature showed a 2D laminate 
failed within 100,000 cycles at 60% of its static strength [20]. 
• Overall, W-3 showed higher open-hole static strength and exhibited fewer damage sites during 
tension-tension fatigue open-hole tests than W-1. However, the confidence of fatigue 
properties would be improved with more specimens and ultimate fatigue failure would be 
achieved using higher stress levels. 
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